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INTRODUCTION 
Longitudinal and transverse ultrasonic velocity measurements were made to obtain 
elastic moduli of ceramic compacts and continuous fiber ceramic composites (CMCC) as a 
function of porosity volume fraction. The ceramic compacts were hot pressed silicon carbide 
and the CMCC were Nicalon fiber reinforced silicon carbide, manufactured using a forced 
chemical vapor infiltration (FCVI) process developed at Oak Ridge National Laboratory [1]. 
The purpose of the SiC powder compact study was to obtain experimental results of elastic 
moduli for various porosity level and to compare the measured results with predictions based 
on theoretical models. For chemical vapor infiltrated NicalonlSiC ceramic composites, 
elastic constants data at different porosity level were not readily available in the literature. 
The purpose of the study was therefore to generate a more complete set of modulus data as a 
function of void content. These results can be used for the optimization of the manufacturing 
process and for comparison with mechanical testing results. 
MATERIAL DESCRIPTION 
Powder Compacts of Silicon Carbide 
Alpha silicon carbide particles with an average size of 0.7 11m were hot pressed at 
2050°C in the atmosphere for 2 hours to form disks of 50 mm diameter and 5.2 to 8.7 mm 
thickness. Different pressures, up to 17 MPa, were applied to produce disks containing 
different porosity content. Twelve specimens had porosity contents ranged from 0.03% to 
about 15%; one high porosity sample had about 26%. The porosity contents were deter-
mined by measuring the mass density of the specimens and by a calculation based on 3.21 g/ 
cm3 being the theoretical density of SiC. The pore size in the SiC powder compacts were 
quite small and liquid couplants used in the ultrasonic velocity measurements were not 
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expected to affect the measured material properties. 
Nicalon/SiC Ceramic Matrix Composites 
The CFCC specimens used in this study were woven Nicalon fiber fabric reinforced 
silicon carbide composites. The Nicalon fibers were 10 to 15 11m in diameter, with a chemi-
cal composition of 59% Si, 31 % C and 10% 02 by weight. The fibers were pyrolytically 
coated with 0.3 11m carbon by chemical vapor deposition. The fabric cloth had a plain weave 
pattern and the preform of the composite was made by stacking dry fabric cloth in a graphite 
mould and rotating the cloth in 30 degree increments from ply to ply in the stack. The fabric 
preform was then densified by the FCVI technique. In this process the decomposition of 
methyltrichlorosilane vapor (in the presence of hydrogen and at about 1000°C) yielded 
silicon carbide, which then infiltrated and densified the porous fiber fabric preform. 
The void contents of the specimens were determined from their measured density and 
an assumed void-free density. The density was determined from the measured weight and the 
volume based on the exterior dimensions. The void-free density was taken to be 2.96 g/cm3. 
This value was based on a density of2.6 g/cm3 for the Nicalon fiber, a density of 3.21 g/cm3 
for the SiC matrix and a fiber faction of 0.4. For the specimens used in the elastic constants 
experiment, the porosity contents ranged from 11 to 32% by volume. Most of the CFCC 
samples had lateral dimensions of approximately 25 x 25 mm and a thickness range of 3 to 
3.8 mm (containing 12 to 15 plies). Specimens used for elastic constant measurements had 
at least two pairs of surfaces that were plane and parallel to each other. Ultrasonic velocities 
were measured for both in-plane and through-thickness directions in these samples. 
EXPERIMENTAL TECHNIQUES 
All ultrasonic velocity measurements made in this study were conducted using a 
simple pulse overlap technique in a through-transmission configuration. For contact-mode 
measurement, an ultrasonic pulse that passed through a reference material (6 mm thick fused 
quartz slab) was acquired as the "reference signal". The "sample signal" was the pulse that 
passed through both the reference material and the sample coupled together. Due to the 
presence of the sample, the sample signal arrived the receiver at a later time than the refer-
ence signal. Using a LeCroy 9400 series digital oscilloscope, the two waveforms were 
captured and stored. By shifting the stored reference signal along the time axis and adjusting 
the relative amplitude gain, one can match (i.e., overlap) the two signals. The time shift that 
produced the best overlap was taken to be the transit time of the pulse through the sample. 
The ultrasonic velocity was then simply the sample thickness divided by the time shift. The 
same concepts were also applied in through-transmission measurements in the immersion 
mode, except that now the water medium also served to be the reference material. 
The pulse overlap method worked well when the reference signal and the sample 
signal were not too different in waveform. For materials with high attenuation and/or disper-
sion, one may have to use a pulse of sufficiently low frequency so that this can be achieved. 
In measurements using a broadband pulse, the result was the ultrasonic velocity in the mate-
rial averaged over the bandwidth of the transducers. Strictly speaking, spectral analysis 
should be invoked when the attenuation and velocity had substantial dependence upon 
frequency; however, the pulse overlap method provided a simpler alternative for obtaining 
useful results for correlation with porosity level. 
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For SiC powder compacts, most of the measurements were conducted in immersion 
using the substitution method and the "simultaneous velocity-thickness method" [2] which 
yielded the sample thickness and ultrasonic velocity in the same measurement. All shear 
wave velocity measurements were made in contact mode using honey as a couplant. 
For Nicalon/SiC composites containing considerable surface-breaking and intercon-
nected voids, the filling of some of the voids by liquid couplant would affect the measured 
results and should therefore be avoided as much as possible. In this work, all longitudinal 
wave velocities were measured using "dry contact" transducers. A pair of dry coupling 
transducers, 0.75" (1.91 cm) in diameter, with a 0.5 MHz center frequency were used. The 
experimental setup, shown in Fig. 1, used a plate of fused quartz as a reference material. A 
thin sheet of rubber provided the dry coupling between the fused quartz and the sample. 
ELASTIC MODULI OF SiC POWDER COMPACTS 
Since the hot-pressed SiC samples were reasonably homogeneous (as evidenced from 
C-scan images) and were expected to be elastically isotropic, the elastic moduli (Young's 
modulus, shear modulus, bulk modulus and Poisson's ratio) were easily computed from the 
measured material density and the longitudinal and transverse velocities. Figure 2 shows 
the experimental results of elastic constants versus volume percentage of void. These results 
were based on longitudinal ultrasonic velocity measured with the "simultaneous method" in 
an immersion tank using transducers with a center frequency of 5 MHz. The shear wave 
velocity was measured in contact mode using 5 MHz transducers with honey as a couplant. 
The solid lines in Fig. 2 represent the best-fit straight lines through the respective sets of data 
points. 
To compare the experimental results with various theoretical predictions, we followed 
a recent study of iron compacts by Panakkal, et al [3]. Three theoretical models were used: 
Hashin's theory [4], the elasticity theory [5], and the powder metallurgy model [6]. To 
compare with Hashin's prediction, his theoretical equations for bulk and shear moduli of a 
solid containing spherical inclusions were used, with the moduli of the inclusion set equal to 
zero to correspond to the voids. For porosity volume fraction p, the bulk modulus K, shear 
modulus G, and Young's modulus E are given by the following equations: 
, 
Fu ed Quartz 
Reference Piece 
Tran ducer : 0.5 MHz 0.75" dia., with ela tomer face 
for dry coupling 
cquiring Reference Signal Acquiring Sample Signal 
Fig. 1 Experimental method for measuring longitudinal ultrasonic velocity using dry cou-
pling transducers. 
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Fig. 2 Young's modulus, shear modulus, bulk modulus and Poisson's ratio of SiC powder 
compacts as function of volume percent of voids. 
(1) 
(2) 
3KG 
E = (K + q/3)" (3) 
where Ko' Go' and Vo pertain to the void-free solid. 
For the elasticity theory, approximate expressions have been derived for solids con-
taining a low concentration (p:5: 0.05) of spherical voids [5]. Young's modulus and shear 
modulus are given by: 
(4) 
G = Go ( 1 - CG P ), (5) 
where CE = (29 + IlvY18 and Co = 5/3. A third theoretical prediction was provided by the 
powder metallurgy model of Wang [6]. In this approach the ceramic compacts were mod-
elled as cubic stacking of spherical powder particles. During densification, the contact areas 
of the spheres were assumed to flatten out until the residual spherical surfaces shrank into 
points. The powder metallurgy model gave the following approximation for Young's and 
shear moduli: 
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(6) 
(7) 
where b = 3.35 and c = 5.48. 
Figure 3 shows a comparison of the measured Young's modulus with the predictions 
of the three models. The measured modulus was based on longitudinal velocity at 5 MHz 
using the "simultaneous" method and shear velocity obtained with contact mode 5 MHz 
transducers. The experimental results fell below the predictions by Hashin's formula and the 
elasticity theory, but above the powder metallurgy model prediction. A similar behavior was 
found for the shear modulus, shown in Fig. 4. A more detailed study of theoretical modeling, 
including the effects of void shape, will be reported elsewhere [7]. 
ELASTIC STIFFNESS CONSTANTS OF NicaloniSiC 
Longitudinal Wave Results 
Figures 5 and 6 show the compiled experimental results for 20 samples. Figure 
5 shows the measured longitudinal modulus in the in-plane direction as a function of porosity 
volume percent and Fig. 6 shows the results for the out-of-plane (through-thickness) direc-
tion. It is well known that ultrasonic data acquired with dry coupling transducers tend to be 
pressure dependent and have a greater degree of scattering. Each measurement was therefore 
repeated at least three times; the error bars in Figs. 5 and 6 represent one standard deviation 
about the mean. It should also be pointed that, because of the thin plate geometry of the 
samples, it was particularly difficult to measure the in-plane ultrasonic velocity. Using the 
setup shown in Fig. I, the sample had to be held edge-wise between the transducers. Be-
cause the transducer diameter was wider than the thickness of the samples, there was concern 
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Fig. 3 Comparison of measured Young's modulus with theoretical predictions. 
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about the edge effect or guided wave effect. An assessment of the edge effect on graphite 
epoxy samples cut to different thickness led us to believe that the edge effect was about 10 to 
15% or so. It would be necessary to evaluate the absolute accuracy of the results in Fig. 5 in 
the future. Another topic investigated was the angular dependence of the in-plane ultrasonic 
velocity. Velocity measurements in two mutually orthogonal directions in the plane of 25 
mm x 25 mm specimens showed essentially the same results for the two directions. This 
result was consistent with the expected transverse (in-plane) isotropy of a laminate with a 30° 
rotational symmetry. In the usual elastic constants notation for a plate in the xy plane, the 
stiffness modulus shown in Fig. 5 is CII (or C22) and the stiffness modulus in Fig. 6 is C33 • 
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Fig. 5 Measured longitudinal modulus in the in-plane direction as a function of porosity 
volume percent in woven Nicalon/SiC composites. 
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Fig. 6 Measured longitudinal modulus in the thickness direction as a function of porosity 
volume percent in woven NicalonlSiC composites. 
Shear Wave Results 
Shear wave velocity measurements employed basically the same setup as in Fig. 1 
except that the rubber sheet was eliminated and regular contact mode shear wave transducers 
were coupled with honey. Honey was also used for the coupling between the sample and the 
reference quartz plate. Shear waves propagated through the sample along the thickness 
direction and the polarization direction was in-plane. The polarization vectors of the two 
. transducers were aligned with each other but not to any particular fiber direction in the plane 
of the composite laminate. Figure 7 shows the measurement results for the shear wave. In 
the coordinate system mentioned above, this stiffness constant corresponds to C44 (or Css)' 
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Fig. 7 Measured shear wave modulus for propagation in the thickness direction in woven 
Nicalon/SiC ceramic composites as a function of porosity volume percent. 
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A micromechanics model based on a periodic unit cell of orthogonal fiber tows was 
developed by N. Yu [8] to estimate the effects of porosity on the elastic properties of woven 
fabric ceramic composites. Details of the model were given in Ref. 8. The model used a 
homogenization method in formulating the theoretical prediction of the modulus. For the in-
plane direction, the model predicted a linear decrease from 270 GPa at 10% porosity to 180 
GPa at 30% porosity. The predicted results were in reasonably good agreement with those 
shown in Fig. 5. However, the drastic drop of modulus in the thickness direction was not found 
in the model. More work is needed in both experimental study and model analysis, particularly 
with regard to the frequency dependence of the ultrasonic results and the effects of the mor-
phology of the voids. 
CONCLUSION 
Longitudinal and shear wave velocities were measured in powder compacts of SiC as a 
function of void content. Elastic moduli were deduced from the measured ultrasonic velocities 
and material density, and compared with theoretical predictions using three models. 
For Nicalon/SiC ceramic composites fabricated from chemical vapor infiltrated stacks 
of fiber fabrics, longitudinal modulus was measured for both in-plane and through-thickness 
directions. The rate of decrease of the modulus due to increasing porosity was greater for the 
thickness direction. Shear wave modulus was also measured for the thickness direction as a 
function of porosity content. 
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